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Abstract: The dynamic interaction of a laminar flame and a vortex is examined.  The hy-
droxyl (OH) layer produced by the flame is imaged using planar laser-induced fluorescence
(PLIF), and preliminary vortex-characterization data are acquired using acetone PLIF and
digital, two-color particle-image velocimetry (PIV).  The PIV and PLIF measurements of
OH are performed simultaneously.  The hydrogen-air flame is supported in a nonpremixed
opposed-jet burner.  The apparatus is found to produce highly repeatable events, making it
ideal for studying the interaction of a flame and an isolated vortex.  A distinct annular ex-
tinction of the OH layer is observed, in good agreement with previous computational mod-
eling predictions for the apparatus.

1. Introduction
Recent results in numerical modeling combined with experimental measurements have led to impor-

tant advances in the understanding of combustion.  Numerous investigations have contributed to these ad-
vances, including a particular type of study in which the interaction of a laminar, nonpremixed flame and a
vortex is examined.  These efforts involve repeatable, carefully controlled conditions that are highly ame-
nable to experimental study.

In recent computational calculations, Katta (Katta et al., 1998) predicted that, during the interaction
of a nonpremixed hydrogen-air flame and an isolated vortex, the extinction of the OH layer would occur in
an annular pattern.  The experiments detailed in the present paper are performed to examine, in part, the
validity of this prediction.  Experimental results obtained with planar laser-induced fluorescence (PLIF) of
OH are used to determine regimes in which the annular extinction occurs.  The nonpremixed flame is sup-
ported by air and fuel in an opposed-jet burner.  The fuel consists of hydrogen diluted with nitrogen.  The
amount of hydrogen in nitrogen is varied, along with the strength of the vortex.  The temporal evolution of
the vortex-flame interactions is imaged with the PLIF system.

Additional measurements are performed to characterize the vortices.  First, acetone is seeded into the
vortex, and its laser-induced fluorescence is detected.  Second, particles are seeded into the flowfield and
the scattering is used for digital, two-color particle-image velocimetry (PIV) measurements.  Digital PIV
measurements are made simultaneously with PLIF measurements of OH.  Preliminary vortex-
characterization results are discussed in this paper.

2. Background
Numerous experimental studies of the interaction dynamics of vortices and flames have been con-

ducted, and many of these investigations employed two-dimensional imaging to study the interaction.  For
premixed flame fronts, most measurements have been made using two types of flames.  Hertzberg et al.
(1984) and Escudie (1988) conducted an experiment in which a Karman vortex street was produced using
a cylindrical rod in a cross flow of premixed gases.  A V-flame was supported behind a wire positioned
downstream of the rod that produced the vortex street.  Planar tomographic imaging was used to study the
interaction of the vortex street and the flame.  A similar interaction of a Karman vortex street and a flame
was investigated by Lee et al. (1993) using PLIF imaging of OH and by Nye et al. (1996) using both OH
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PLIF and PIV.  A disadvantage of using the vortex street is the difficulty in isolating a single vortex.
Samaniego (1992a) developed a means of injecting an isolated line vortex through a horizontal slot in the
wall of a vertical wind tunnel; this was pursued as a means of replacing the vortex street in experiments
with V-flames.  A year later, Samaniego (1992b) presented results on the interaction of a line vortex and a
V-flame.  Schleiren images of the time-dependent vortex-flame interaction along with CH emission data
from the entire flame were presented.  Nguyen and Paul (1996) also studied vortex-flame interactions us-
ing the Samaniego burner, reporting results of PLIF measurements of OH and CH radicals.

In a second type of study involving premixed combustion, Jarosinski et al. (1988) studied a flame
that was ignited at one end of a tube of premixed gases.  A vortex was injected at the other end of the tube.
The interaction dynamics were then photographed using a mercury-xenon arc lamp and a rotating-drum
streak camera with a rotating-disc shutter.  Recently, Driscoll and co-workers produced an impressive se-
ries of papers concerning a similar vortex-flame facility in which PIV, OH PLIF, or a combination of these
imaging techniques was applied (Driscoll et al., 1993; Driscoll et al., 1994, Mueller et al., 1995; Mueller et
al., 1996; Mueller, 1996; Mueller et al., 1998; Roberts and Driscoll, 1991; Roberts, 1992; Roberts et al.,
1992; Roberts et al., 1993; Sinibaldi et al., 1997; Sinibaldi et al., 1998).

Nonpremixed flames have also been the subject of experimental study.  Rolon and co-workers (Re-
nard et al., 1998a; Renard et al., 1998b; Rolon et al., 1995; Thevenin et al., 1996; Thevenin et al., 1998)
recently developed an apparatus in which a vortex is injected into a flame supported between the nozzles
of an opposed-jet burner.  This geometry has numerous advantages.  First, unlike the above geometries, a
stationary nonpremixed flame can easily be produced and isolated.  Second, the flame thickness can be
varied by changing either the nozzle velocities or the spacing between the upper and lower burner nozzles.
The device has also been extended to the study of vortices that interact with premixed opposed-jet flames
(Renard et al., 1998a).  Takagi and coworkers (Takagi et al., 1996; Yoshida and Takagi, 1998) performed
planar Rayleigh-scattering measurements of temperature in a similar type of opposed-jet burner in which a
small jet of fuel or air was injected using a micro-nozzle with an inner diameter of only 0.25 mm.  Either a
jet of air was injected from the air side of the diffusion flame or a jet of fuel was injected from the fuel
side.

In a different class of measurements, Hsu et al., (1993) modulated the axial velocity of a laminar jet
diffusion flame using a loud speaker to produce vortex-flame interactions.  This apparatus was further
studied by Hancock and coworkers (Hancock, 1996; Hancock et al., 1996; Hancock et al., 1997; Schauer,
1998; Schauer et al., 1998) using a number of techniques including reactive Mie scattering, PLIF, and
digital PIV.  These studies have provided large quantities of data for comparison with numerical-modeling
predictions.  A potential disadvantage of this burner is the complicated geometry (when compared to the
above geometries, which involve completely isolated vortex injection) due to the convective velocity field
associated with rotation of the vortex and translation of the flame zone (Hancock, 1996).  In a similar type
of study, Mueller and Scheffer (1998) recently performed OH PLIF measurements in a Wolfhard-Parker
slot burner that was acoustically forced by loudspeakers on the side walls of the upstream fuel duct.  PLIF
imaging of acetone was used as a marker of the fuel.

More recently, Chen and Dahm (1997, 1998) developed a facility for generating a nonpremixed
burning layer that wraps into a vortex ring.  The facility permits experiments to be performed under con-
ditions of both normal gravity and microgravity, allowing the study of the influence of buoyancy.

The experiments described in the present paper are based on the counterflow geometry of Rolon and
co-workers, and the observations described below rely heavily on the progress outlined in their papers
(Renard et al., 1998a; Renard et al., 1998b; Rolon et al., 1995; Thevenin et al., 1996; Thevenin et al.,
1998).  A fuel mixture of hydrogen and nitrogen permits the use of laser diagnostics in the absence of hy-
drocarbon interferences, and the reaction zone of these nonpremixed flames is generally much thicker than
that for premixed flames.  Hydrogen chemistry simplifies the numerical calculations that are the subject of
comparison with experimental results.
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3. Apparatus and Procedure
3.1  Burner Facility

A picture (a) and diagram (b) of the Rolon burner are shown in Figure 1. The flame is supported
between upper and lower nozzles separated by 40 mm, each with an exit diameter of 25 mm.  The fuel
consists of hydrogen diluted with nitrogen and flows from the upper nozzle.  Air flows from the lower
nozzle.  Unique to this type of apparatus is a tube with 5-mm inner diameter that is installed concentrically
within the lower nozzle.  This tube is attached to a cylinder that contains a piston which, in turn, is at-
tached to an actuator.  Feeding an appropriate current to the actuator causes a solenoid to force the piston
upward abruptly, resulting in the emergence of a vortex from the tube.  The vortex travels upward within
the surrounding oxidizer flow.  A flow of air is supplied to the vortex tube such that, in the absence of a
vortex, the exit velocity matches the velocity of the air from the surrounding nozzle.  To minimize the im-
pact of room-air disturbances, upper and lower guard flows of nitrogen are supported through outer noz-
zles, which are concentric with the respective upper and lower inner nozzles that support the flame.

The hydrogen, nitrogen-diluent, and oxi-
dizer-air flows are furnished by mass-flow con-
trollers with respective full-scale ranges of 20, 20,
and 30 l/min.  A continuous flow of air is pro-
vided to the vortex tube by a 5-l/min controller,
while the guard flows for the upper and lower
guard (outer) nozzles is furnished by two 50-l/min
mass-flow controllers.  The flow rates of the con-
trollers are accurate to ±1% of the full-scale
range. The experiments have been repeated for six
flame conditions, as summarized in Table I.

The vortex properties can be varied by
changing the magnitude and the rise time of the
current that is fed to the actuator.  The impedance
of the actuator ranges from 1 to 1.5 Ω, depending
on the frequency content of the current.  At full
displacement, a current of up to 6 A is provided to
the solenoid by a specially designed, high-speed
power amplifier.  This can result in considerable
power consumption by the actuator if the full-
displacement condition is maintained for long pe-
riods.  Consequently, an AC waveform is supplied
by initial application of a negative potential,
causing the piston to be withdrawn from the
flame.  The negative potential is applied for about
0.5 s to allow the flame to recover from this initial
disturbance, as verified by digital, two-color PIV.
The potential is then quickly changed to a positive
value of the same magnitude with a carefully
controlled rise time, τr.  The strength of the vortex
can be increased by increasing the current mag-
nitude, which results in a larger volume of dis-
placed fluid through the exit of the tube.  Eventu-
ally, the maximum displacement of the solenoid is
reached.  In this case the vortex strength can be

further increased using a smaller value of τr.  The relationship among volume displacement, τr, and the
vortex characteristics has been discussed in numerous papers, including those by Rolon et al. (1995), Rob-

Table I:  Flow rates (l/min) at 21.5°C and 724 mm Hg
for six flame conditions.  XH2 is volume fraction of
hydrogen in nitrogen diluent.

Flame
Gas A B C D E F

H2 2.76 3.40 4.04 4.67 5.31 5.94
N2

Diluent 17.1 17.1 17.1 17.0 17.0 16.9
XH2 0.14 0.17 0.19 0.22 0.24 0.26
Air 11.2 11.2 11.2 11.2 11.2 11.2

(a) (b)
Figure 1:  (a) Digital photograph of opposed-jet
burner.  (b) Cross-sectional diagram of burner noz-
zles and piston.
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erts (1992), and Chen and Dahm (1997, 1998).  The drive current for the solenoid is obtained by power
amplifying the output of a digital arbitrary-waveform generator.  This generator is operated at its maxi-
mum number of 10,000 quantized steps, resulting in a minimum step size of 0.1 ms.  For all measurements
discussed in this paper, τr is set at 10 ms.

Visualization of the vortex formation and propagation via acetone PLIF is accomplished using a va-
porizer that is installed between the vortex tube and the mass-flow controller.  A bypass valve allows ad-
justment of the acetone seeding level.  Because the acetone changes the flame characteristics, these visu-
alization studies are limited to nonreacting flows.  When the acetone studies are not required, the acetone
vaporizer is removed from the apparatus.

Seed particles are introduced into the burner flows when digital PIV measurements of the vortex ve-
locity are performed.  Three particle seeders are installed; one is placed after the air mass-flow controller,
another after the vortex-air mass flow controller, and a third after the junction where the hydrogen and ni-
trogen gases are mixed.  With the use of three seeders, each flow can be seeded with particles individually,
or combinations of the different flowfields can be seeded.  Each seeder contains hollow spherical ceramic
particles with an approximate mean diameter of 2.4 µm.  When PIV studies are not required, the seeders
are removed from the apparatus.

3.2 OH PLIF Imaging
The PLIF system contains a frequency-doubled, Q-switched Nd:YAG laser that is used to pump a

dye laser which, in turn, is frequency doubled.  The UV radiation is directed through a telescope that is
adjusted to produce a light sheet with a height that matches as nearly as possible the 40-mm burner sepa-
ration.  The resulting beam thickness is ~300 µm, which corresponds to the full width (defined as the dis-
tance between the locations of the 25% peak intensity points).

Hydroxyl radicals absorb the laser radiation at 281.3414 nm via the R1(8) transition of the (1,0) band
in the A-X system.  Fluorescence from the A-X (1,1) and (0,0) bands is detected at right angles through
WG-295 and UG-11 colored-glass filters, using a 105-mm-focal-length f/4.5 UV lens.  The resulting light
is recorded on an intensified CCD camera with an intensifier gate width of 100 ns.  CCD pixels are binned
in 2x2 groups, resulting in an effective array size of 288 x 192 pixels, with an imaged area of 25.6 x 38.4
mm2.  The bottom of the image is 0.25 mm above the surface of the lower nozzle.  A color table is used
with a maximum value set to 95% of the maximum signal for all images taken at a given flame condition.
The low-signal color is assigned by calculating the background noise and selecting a minimum value that
is two standard deviations above this level.  Therefore, in cases where “extinction” of the OH layer is ob-
served, “extinction” refers to signal levels that fall below this minimum value and are, therefore, assigned
the last color in the table.  All images represent the signal collected during a single laser shot, and no
smoothing of the resulting images is attempted.

In studies of vortex-flame interactions conducted by other investigators [see, for example, Najm et
al., (1998)], LIF was applied as a marker of some other quantity such as heat release or burning rate.  In
the present experiments, the OH image is obtained for direct comparison with numerical computations of
the OH distribution (Katta et al., 1998); therefore, no attempt is made to correlate the images with any
other quantities, although it has recently been shown that the OH concentration may be a good indicator of
flame extinction in this configuration (Renard et al., 1998b).

Acetone PLIF imaging is accomplished using the OH PLIF imaging system.  Here, the UG-11 col-
ored-glass filter is removed to permit collection of the acetone fluorescence.

3.3 Digital, Two-Color PIV
Measurements of the velocity field are carried out using digital, two-color PIV (Gogenini et al.,

1998a; Gogenini et al., 1998b; Donbar, 1998).  Here, a color digital CCD (Khosla, 1992) with an array of
3060 x 2036 pixels is used.  A magnification of 78,368 pixels/m is employed, resulting in an imaged area
of 26.0 x 39.0 mm2.  The color CCD camera and the intensified CCD array are aligned using a transparent
mask printed with a graduated scale.  Further alignment between images is performed after each experi-
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ment employing software; a transformation in two-dimensional space is applied to the PIV images relative
to the PLIF images.  Two lasers are used, with one PIV light sheet produced by directly doubling the out-
put of a Q-switched Nd:YAG laser (30 mJ/pulse at the test section).  The remainder of this beam is used to
pump the dye laser that is frequency doubled to excite OH fluorescence.  The second PIV light sheet is
produced by pumping a dye laser (employing DCM laser dye) with a second frequency-doubled, Q-
switched Nd:YAG laser, resulting in laser radiation at 640 nm (40 mJ/pulse at the test section).  The thick-
ness of both the red and green light sheets is set to ~700 µm at the probe region.  A digital delay generator
is used to drive the timing of the two lasers such that the red pulses are delayed precisely with respect to
the green ones.  In the absence of a vortex, the underlying counterflow velocity field is probed with red
pulses that are delayed by up to 1 ms with respect to the corresponding green pulses.  For the fastest vor-
tices studied, the delay between red and green pulses is reduced to 10 µs.  The camera shutter is set to
open for 1/15 s to permit both laser pulses to be detected by the color CCD.  Most of the flame emission
and light from other devices in the laboratory (monitors, etc.) is greatly attenuated by the shutter.

Velocity vectors are calculated using the correlation software described by Gogenini et al., (1998a).
A correlation area of 128 x 128 pixels is used in the calculation, corresponding to a correlation area of
0.269 cm2 and a spatial resolution of 1.6 mm.  In these preliminary studies, the main interest in digital PIV
measurements is to obtain the propagation velocity of the vortex, and this correlation area is acceptable for
such purposes.  We have also obtained acceptable results using correlation areas as small as 32 x 32 pixels,
which will be utilized in future studies in which quantities such as strain will be calculated.  Neighboring
correlation boxes are overlapped by 75%, resulting in a velocity field with an area containing 95 x 60
vectors, or 5700 total vectors over the area of the color CCD.  In some portions of each image, a small
percentage of errant vectors results from low seed levels, scattering of light into the camera, flame emis-
sion, and other effects.  Because the vortex-flame interactions are repeatable, digital PIV images can be
recorded until an image with an extremely small percentage of incorrect vectors is obtained.  For this rea-
son, nearly 15 gigabytes of digital color image data were acquired.

Characterization of vortices is illustrated in Figure 2; a single, idealized vortex ring is superimposed
over an axisymmetric cylindrical coordinate system using the coordinates z and u to illustrate the forward
position and velocity, respectively.  The coordinates r and v represent the radial position and velocity, re-
spectively.  In this coordinate representation, the vorticity simplifies to
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In these preliminary studies, evaluation of the derivatives in Eq. (1) is carried out without smoothing of the
velocity field.  Because this can cause amplification of noise, future calculations will be performed using
an appropriate smoothing algorithm (Luff et al., 1996; Luff et al., 1998).  When the velocity field repre-
sents the final desired result from reduction of digital PIV images, it is common to filter out incorrect
vectors; this results in “holes” in the field that must be filled using a variety of techniques such as interpo-
lation (Gogineni et al., 1998b).  However, the resulting interpolated holes will represent a source of sig-
nificant error in vorticity computations (Luff et al., 1996; Luff et al., 1998).  Therefore, images with more
than a few holes are discarded before attempts are made to compute the vorticity.  In the future, an opti-
mum method of computing the velocity field will be implemented to reduce the uncertainty in vorticity
produced by the holes.  Before images of vorticity are plotted, a 3 x 3 smoothing function, that is provided
with the commercially available Transform® software, is applied four times.  In these preliminary studies,
the resulting images are used to examine the relative distribution of vorticity as a vortex propagates up-
ward from the lower nozzle.  In future studies in which the influence of the flame on the vorticity will be
examined and quantitative vorticity information extracted, a more accurate method of computing and dis-
playing the vorticity will be implemented (Luff et al., 1996; Luff et al., 1998).

The vortex circulation is computed using the integral over the contour shown in Figure 2 (Sullivan et
al., 1973a; Sullivan et al., 1973b), yielding (Fox and MacDonald, 1985; Daily and Harleman, 1966; Luff et
al., 1996; Luff et al., 1998)
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where C represents a contour box whose sides are drawn along lines where the vorticity remains below
~10% of its peak value (found at the core).  The line-integral method (first double summation) and the
vorticity-integral method (second double summation) are found to agree within 20%.  To confirm the
choice of contour and the integration process, the integration is performed over each side of the vortex
depicted in Figure 2, and the resulting sum is
determined to approach zero.

3.4 Planar Rayleigh Scattering
The above analysis of velocity fields has

been used to estimate the forward propagation
velocity of vortices or to compute vorticity in
cold flows.  Recent efforts have been made to
examine digital, two-color PIV data in greater
detail, including calculations of vorticity,
strain, etc., in the vicinity of the flame front.
Unfortunately, sharp temperature gradients can
cause errors in PIV results because of thermo-
phoresis, which has the greatest influence for
injection of comparatively slow vortices and
for counterflow flames without vortex injec-
tion (Gomez and Rosner, 1993; Nichols, 1986;
Pellet et al., 1995, Sung et al., 1994 and 1996;
Talbot et al., 1980; Waldmann and Schmitt, 1980; and Walsh, 1976).  Knowledge of the temperature field
would enable reduction of the velocity error introduced by thermophoresis.  In addition, measurement of
the temperature field would be advantageous for comparison with numerical computations.  Because point
temperature measurements would be extremely cumbersome in the present experiments, recent imple-
mentation of planar thermometry by Rayleigh scattering has been explored.  Based on experimental obser-
vations of other researchers (Dibble and Hollenbach, 1980; Everest 1994; Everest et al, 1995; Komiyama
et al., 1996, Takagi et al., 1996; and Yoshida and Takagi, 1998), Rayleigh scattering thermometry should
be an excellent diagnostic for studies of vortex-flame interactions in the Rolon burner.  In addition, the
planar Rayleigh scattering signal can be collected using unintensified CCD cameras, allowing extended
linear range and improved spatial resolution (Paul et al, 1990; Paul, 1991; and Williams et al, 1995).

Rayleigh scattering images are collected using a thinned, back-illuminated CCD with an image area
of 550 x 550 pixels.  The digital color camera is removed to make room for this CCD.  Doubled Nd:YAG
pulses of 400 mJ are scattered off the burner gases, and the scattering is directed through a four-cavity, 10-
nm bandpass filter with a central wavelength of 532 nm.  The bandpass filter is required to remove almost
all background flame emission and synchronous fluorescence and scattering from simultaneous PLIF
measurements of OH.  The Rayleigh cross section is calibrated by passing Helium through the burner noz-
zles at room temperature and recording a scattering image.  Next, room-temperature nitrogen is fed to the
burner nozzles, and a scattering image is recorded.  Because Rayleigh scattering data have only recently
been collected, no images have been converted from pixel counts to temperature.  Instead, each pixel is
normalized to the scattering image of room-temperature nitrogen.

Figure 2.  Coordinate system and integration contour
used during computation of vortex properties (Daily
and Harleman, 1966; Fox and MacDonald, 1985; Sulli-
van et al., 1973a; Sullivan et al., 1973b).
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3.5 Synchronization and Timing
Precise synchronization of several experimental events is required, including vortex generation and

propagation, production of laser pulses, and activation of the camera shutter and intensifier.  Figure 3
contains a block diagram of the synchronization scheme.

Because the Nd:YAG lasers are designed to operate at a nominal repetition rate of 10 Hz, the ex-
perimental sequence must be synchronized to a 10-Hz master clock that drives the flash lamps and the
Pockels cells of the lasers.  To trigger the lasers, the clock sends two signals—one traveling to a 50-Ω
power combiner and then to the laser digital delay generator (DDG).  The 10-Hz clock also provides a
TTL signal to one of two inputs of a coincidence unit.  The second input of this unit is driven by a TTL
pulse from the PLIF camera controller.  The coincidence unit outputs a pulse only when pulses from both
the 10-Hz clock and the PLIF camera controller are present.  When a vortex-flame event is initiated using
a personal computer, the PLIF camera controller outputs a pulse ~1.3 s in duration.  The corresponding
output of the coincidence unit is a 1.3-s envelope of TTL pulses separated by 100 ms.  The first pulse in
this envelope triggers a master DDG, synchronizing it with the 10-Hz clock and the laser pulse train.  This
DDG triggers an arbitrary-waveform generator (AWG) that outputs a 1-s waveform; this waveform is am-
plified and fed to the piston actuator to generate a vortex.  Approximately 0.5 s after the AWG waveform
is initiated, the vortex is fired; therefore, five laser pulses are generated during the time between computer
initiation and the vortex-flame interaction.

When the DDG is externally triggered, the jitter between the trigger and a DDG output pulse is 60 ps
plus the output delay divided by 108.  Over the 0.5-s period between the first and fifth laser pulses, this
corresponds to a jitter of 5.06 ns.  The 10-Hz-clock jitter specifications are not nearly so good.  The jitter

Figure 3:  Diagram of electronic timing connections for simultaneous OH PLIF, digital PIV, and Rayleigh
scattering measurements.
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between clock outputs is one part in 10,000, corresponding to a jitter of 50 µs over the same 0.5-s period.
Attempting to synchronize the piston with the clock severely limits the temporal resolution available to
“freeze” vortex-flame events in time and requires an intensifier gate width significantly larger than 50 µs.
The master DDG is, therefore, configured to trigger the fifth laser pulse preemptively.  A delayed pulse
from the master DDG arrives at the 50-Ω power combiner just before the fifth pulse in the clock pulse
train, preemptively triggering the laser(s). If no initiation pulse is output from the computer, the laser(s)
are triggered by the 10-Hz clock as usual.  This approach reduces the jitter in the timing of the fifth laser
pulse from 50 µs to ~5 ns while maintaining the nominal 10-Hz repetition rate required by the lasers.

Other outputs of the master DDG are suitably delayed and directed to the image detectors.  For PIV
experiments, the width of a TTL pulse is adjusted using a gate generator, which closes a relay to trigger
the digital PIV camera system.  For simultaneous PLIF experiments, another master-DDG output triggers
a pulse generator which, in turn, activates the intensifier of an ICCD camera.

The scheme depicted in Figure 3 provides precise control of the relative timing between the laser di-
agnostics and the vortex-flame event.  To explore the temporal evolution of the event, data are captured
utilizing the following phase-locked timing sequence:  1) an image is recorded, 2) the delay between vor-
tex production and the laser/camera events is adjusted, and 3) another vortex is initiated and a second im-
age recorded.  This process is repeated to acquire numerous images, obtained at increasing delays; then an
animation is created by assembling the individual images in temporal order.  Effective temporal separation
between images is selected between 10 and 200 µs, depending on the time scale of the event under study.
The resulting animations are a testament to the high degree of repeatability achievable with this apparatus.

3.6 Computational Model
Time-dependent, axisymmetric Navier-Stokes equations written in cylindrical coordinates are solved

along with species- and energy-conservation equations.  A detailed chemical kinetics model containing
thirteen species (H2, O2, H, O, OH, H2O, HO2, H2O2, N, NO, NO2, N2O, and N2) is used to describe hydro-
gen-air combustion.  Seventy-four reactions among the constituent species are used, with rate constants
obtained from Frenklach et al. (1995).  Temperature- and species-dependent property calculations are also
incorporated into the model; the enthalpy of each species is calculated from polynomial curve fits that
were developed for the temperature range 300-5000 K.  The viscosity and the thermal conductivity of in-
dividual species are estimated from the Chapman-Enskog collision theory, and the mixture properties are
obtained employing Wilke’s semi-empirical formula.  The effective binary diffusion coefficient of the in-
dividual species in the local mixture is calculated using molecular dynamics and Lennard-Jones potentials.

The governing equations are integrated on a nonuniform staggered-grid system.  An orthogonal grid
with rapidly expanding cell sizes in the axial and the radial directions is employed.  The finite-difference
forms of the momentum equations are obtained using an implicit QUICKEST scheme (Leonard, 1979;
Katta et al., 1994), and those of the species and energy equations are obtained using a hybrid scheme of
upwind and central differencing.  At every time step, the pressure field is calculated by solving the pres-
sure Poisson equations simultaneously and utilizing the LU matrix decomposition technique.  Calculations
are made using a non-uniform 301 x 121 mesh system with a spacing of 0.1 mm in both the axial and ra-
dial directions.  The fuel and air jets are assumed to have velocities of 0.69 and 0.5 m/s, respectively, and
the hydrogen-to-nitrogen ratio used for the fuel jet is 0.38.  The vortex is modeled by forcing 2.2 cm3 of
air through the exit of a nozzle with an exit velocity that increases linearly at a rate of 103 m/s/s.  Further
details are given by Katta et al. (1998).

4. Results and Discussion
4.1 Vortex Characterization

The series of acetone images in Figure 4 is typical of the sequential images used to measure the vor-
tex-propagation velocity for a given amplitude and rise time of the solenoid drive current.  The six images
in the figure are selections from a sequence of fifty images, each delayed by 100 µs relative to the previ-
ous one.  If the location of the flame front in the absence of a vortex is known, the acetone-PLIF image
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sequence can be used to estimate the velocity of
the vortex at this location. In this case, the
propagation velocity is ~5 m/s.  Recently, char-
acterization of vortex properties has been initi-
ated using PIV, which is accomplished simulta-
neously with OH PLIF.  Digital, two-color PIV
measurements are readily made when the flame
is burning, offering a significant advantage over
the acetone-PLIF measurements of the vortex
propagation velocity.  Figure 5 shows the scat-
tering signal obtained when the vortex-tube flow
is seeded with a slightly higher particle density
than that produced by the upper- and lower-
burner.  The corresponding set of vectors is
shown in Figure 6.  The maximum vector length
in the forward direction yields a propagation
velocity of 0.77 m/s in this case.

It is now well known that the a strained
field can have significant influence on the history of a vortex (Brickman and Ruddick, 1990; Dritchel,
1989; Legras and Dritchel, 1993; Mariotti et al., 1994; Trieleng et al., 1997; Trieleng et al., 1998).  There-

0 ms 1 ms 2 ms

3 ms 4 ms 5 ms
Figure 4:  Acetone-PLIF images of vortex.

Figure 5:  Scattering from particles in vortex flow. Figure 6:  Vectors calculated from PIV image of Figure 5.
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fore, it is extremely important that the vortices be characterized.  Three different vortices are shown in
Figure 7 by their respective vorticity fields, including a “weak,” an “intermediate,” and a “strong” vortex
in row (a), (b), and (c), respectively.  The weak vortex has a circulation of ~76 cm2/s and an initial propa-
gation velocity of 1 m/s.  However, the propagation velocity of this vortex slows to only 0.6 m/s by the
fifth frame (labelled “50 ms”).  Meanwhile, the separation between cores is 2r0=7 mm in the first frame
(labeled “0 ms”) and increases to nearly 15 mm in the fifth frame.

In contrast, the intermediate vortex shown in row (b) of Figure 7 has a circulation of 170 cm2/s and
an initial propagation velocity of 2.2 m/s.  By the time the vortex reaches the position shown in the fifth
frame of row (b), the propagation velocity has decreased to 1.8 m/s.  The intermediate vortex shown in the
first frame of row (b) has a core separation of 2r0=7.8 mm, which increases to ~12 mm by the fifth frame
of row (b).  Row (c) contains the time-resolved vorticity field for a “strong” vortex, which has a circula-
tion of 1200 cm2/s.  This vortex has a propagation velocity of 8.4 m/s in the first frame.  The velocity in-
creases to a value of 10 m/s in the fourth frame and then decreases to 9.5 m/s in the fifth frame of row (c).
The strong vortex has a core separation of 2r0=8 mm in the first frame, and the diameter grows to a value
of ~10.5 mm by the fifth frame of row (c).  The strong vortex is observed to enter the upper-burner nozzle
after the fifth frame.  Care must be taken when attempting to generate a vortex that is stronger than case
(c) since a three-dimensional lobe structure may result (Widnall, 1975).

Vortex characterization is also essential in choosing the amount of volume that is discharged from the
piston/cylinder when generating a vortex.   For a cylindrical volume that emanates from a nozzle having

(a) WEAK

0 ms 9 ms 18 ms 30 ms 50 ms

(b)

0 ms 6 ms 16 ms 26 ms 34 ms

(c) STRONG

0 ms 3 ms 5 ms 7 ms 9 ms
Fig. 7.  Vorticity fields for three vortices, with each being shown in a different row [(a), (b), and (c)].
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length L and diameter D, Gharib et al. (1998) have shown that the maximum circulation that a vortex ring
can attain is reached for L/D at ~4 and that for larger ratios, additional trailing vortex rings form.  For the
present 0.5-cm nozzle, the volume that a vortex can contain as estimated from the results of Gharib et al.
(1998) is ~0.4 cm3.  The present vortex generator can sweep a maximum volume of ~3 cm3, for a maxi-
mum attainable L/D ratio of ~30.  An example of the consequences of overfilling the vortex is shown in
Figure 8, which contains Mie scattering images from PIV particles as viewed with the color digital cam-
era.  The first frame (labelled “0 ms”) corresponds to the instance in which the vortex reaches the flame
and begins to induce flame curvature.  After 2 ms, when this vortex has clearly passed the initial flame-
front position, a second vortex has obviously formed.    After another 2 ms, a third vortex

0 ms 1 ms 2 ms

3 ms 4 ms 5 ms
Figure 8:  Mie scattering images of an attempt to overfill the vortex.  Secondary and tertiary vortices are
formed.
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is observed, and after 5 ms, the second vortex is observed to overtake the leading vortex and reach the
flame front.   This vortex leap-frogging process is found to be highly repeatable and, in future studies, may
also prove valuable because of the unique curvature and strain regions formed by these events.

4.2 Regimes of Vortex-Flame Interaction
The PLIF images of OH shown in Figure 9 correspond to a vortex-flame interaction in which extinc-

tion of the OH layer is absent.  Initially, the vortex creates a small dent in the flame, and this dent begins to
grow.  Eventually the flame nearly surrounds the advancing vortex as it approaches the upper nozzle.  In
the later interaction stages, the OH PLIF signal level is observed to increase by more than a factor of five
over the levels observed without a vortex.  The increased signal level is indicated by the light colors in the
frames of Figure 9.  This change in OH signal level is thought to indicate enhanced burning.  For this par-
ticular example, the flow rates of Flame D in Table I are used.

0.0 ms 1.4 ms 2.8 ms 4.2 ms 5.6 ms 7.0 ms

8.4 ms 9.8 ms 11.2 ms 12.6 ms 14.0 ms 15.4 ms
Fig. 9.  OH PLIF images when the OH layer remains intact.

The images of Figure 10 correspond to Flame E in Table I and a vortex that is considered to be
“strong.”  Extinction of the OH layer takes place in an annular pattern around the sides of the vortex,
leaving a burning layer at its leading edge. After extinction, the isolated island of flame burns away, and
the vortex travels upward toward the other nozzle.  The flame follows the vortex, traveling up the stem.
As the flame overtakes the vortex, it wraps up and turns in upon itself.  An additional effect can be seen in
flames that exhibit the annular extinction if the vortex strength is slightly decreased:  The isolated island at
first shrinks in size, but does not completely disappear; it then begins to grow, and burns back around the
vortex as it propagates upward.  This process is demonstrated in the images of Figure 11.
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0.6 ms 1.6 ms 1.7 ms 1.8 ms 2.8 ms 3.9 ms

5.0 ms 6.1 ms 7.2 ms 8.3 ms 9.4 ms 10.5 ms
Figure 10:  Sequence of images before and after annular extinction of the OH layer.

3.7 Preliminary Rayleigh Scattering Measurements
Typical planar Rayleigh scattering images are shown in Figure 12.  The flame conditions and vortex

strength are similar to those for Figure 11.  As shown, Rayleigh scattering images indicate an isolated is-
land of high-temperature gas in front of the advancing vortex.  Eventually this island burns around the
vortex, and the island flame again contacts the outer flame at the vortex stem.

3.8 Simultaneous PLIF and PIV Results
Although the flame-vortex interactions produced in a Rolon burner are found to be highly repeatable,

simultaneous image acquisition of PLIF and PIV and of Rayleigh scattering and PLIF is necessary if the
images are to be matched properly.  An example of a PLIF image with an overlayed, simultaneously ac-
quired velocity field is shown in Figure 13.  The image to the right is an expanded view corresponding to
the box drawn in the left image.  Again, the PIV results are of high quality, as no vector “holes” exist in
this image.

0 ms 0.2 ms 0.4 ms

Figure 11.  Sequences of images in which the island of flame that is isolated after the annular break in the
OH layer begins to grow.  Eventually the isolated island recombines with the sides of the flame.
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Figure 12.  Rayleigh scattering images of the Katta-type annular extinction followed by burnback.
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3.9 Computational Results
A typical computational result obtained by Katta (Katta et al., 1998) is shown in Figure 12, which

contains images of the streakline, temperature, OH, and H fields.  The annular decrease in the OH layer is
quite similar to the experimental results shown in Figure 10.  In fact, the numerical results were obtained
before the experiments were initiated, attesting to the utility of the code.  Detailed analysis of the numeri-
cal results reveals that the strain rate in the annular region is equal to or lower than that at the stagnation
line, and the flame curvature increases significantly in the annular region where the break in the OH layer
appears.  Based on these observations, it is postulated that the annular mechanism results from the com-
bined effect of preferential diffusion and flame curvature.  Indeed, Yoshida and Takagi (1998) have found
that, in nonpremixed counterflow flames of hydrogen and air into which a microjet is injected, preferential
difffusion can cause enhanced H2 concentrations in regions with concave curvature, greatly influencing
extinction and reignition processes.
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3.10 Animations of Experimental Results
Animations are made from sequences of experimental images.  Animation Fiechtner_98-F10_1.avi

corresponds to the acetone PLIF results of Figure 4.  Animation Fiechtner_98-F10_2.avi corresponds to
the OH PLIF results of Figure 9 where no break in the OH layer is observed.  Animation Fiechtner_98-
F10_3.avi corresponds to the OH PLIF results of Figure 10, which demonstrate an annular “extinction” of
the OH layer.  The delay between images in these three cases is 100 µs.  To focus on the regime of annular
extinction, the measurements corresponding to Figure 10 were repeated using a delay of only 10 µs.  The
corresponding results are shown in Animation Fiechtner_98-F10_4.avi.  The 50 frames in this animation
were obtained in sequential order; images were not reshuffled to make the animation smoother.  As dem-
onstrated in Animation Fiechtner_98-F10_4.avi, the repeatability of the Rolon burner is exceptional.

0 1515
5

35

20

ΨΨ
Air

Fuel

r (mm)

z 
(m

m
)

T
Air

0 1515
5

35

20

r (mm)

z 
(m

m
)

XOH
Air

0 1515
5

35

20

r (mm)

z 
(m

m
)

XH
Air

Fuel

0 1515
5

35

20

r (mm)

z 
(m

m
)

Fuel

Fuel

Figure 14.  Computational result of Katta (Katta et al., 1998).  The image in the upper left hand corner
depicts a particle trace of the streamlines.  The image in the upper right hand corner shows the tempera-
ture field, while the lower left and right images contain the OH and H fields, respectively.
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Animation
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5. Conclusions and Future Research
The apparatus of Rolon and co-workers (Renard et al., 1998a; Renard et al., 1998b; Rolon et al., 1995;

Thevenin et al., 1996; Thevenin et al., 1998) has been implemented to study of the interaction of a vortex
and a flame.  PLIF measurements of acetone and digital, two-color PIV have been applied to characterize
the vortices injected into the opposed-jet flow.  PLIF images of OH have been used to observe the dy-
namics of the interaction of the vortex and the flame.  An annular break in the OH layer has been observed
in excellent agreement with the numerical computations of Katta (Katta et al., 1998).

Future work will be directed toward understanding phenomena such as the annular extinction.  A vari-
ety of parameters can be studied, such as extended ranges of nitrogen dilution in hydrogen, various flame-
thickness regimes and vortex sizes, and different fuels.  To aid in these studies, simultaneous OH PLIF and
digital, two-color PIV will continue to be employed, along with measurements of the temperature field.
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